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ABSTRACT
SS433 is a Galactic microquasar with powerful jets, where very-high-energy particles are produced.
We study particle acceleration in the jets of SS433 in the light of the recent multi-wavelength data
from radio to TeV gamma ray. We first present a general framework for the particle acceleration,
cooling, and transport in relativistic jets. We then apply this to two X-ray knots in the jets of SS433,
focusing on leptonic emission. Our detailed treatment of particle transport and evolution produces
substantially different predictions from previous papers. For both regions, our model can account for
the multi-wavelength data except for the GeV data. This suggests that GeV emission is mostly from
different regions and/or mechanisms. We find that the acceleration process should be efficient, which
could be realized by diffusive shock acceleration close to the Bohm limit. Provided that protons are
accelerated at the same efficiency as electrons, our results imply that SS433 is a PeVatron, i.e., can
accelerate protons beyond a PeV. Future hard X-ray and MeV gamma-ray observations can critically
test our models by detecting the spectral turnover or cutoff.
Keywords: acceleration of particles, astroparticle physics, black hole physics, gamma rays: general
1. INTRODUCTION
Microquasar SS433 is a binary system consisting of
a compact object (most likely a black hole) and a su-
pergiant star (e.g., Hillwig et al. 2004; Hillwig & Gies
2008; Kubota et al. 2010; Cherepashchuk et al. 2019),
which is believed to feed a super-critical accretion disk
(e.g., Begelman et al. 2006; Medvedev & Fabrika 2010;
Cherepashchuk et al. 2013). Thanks to its relative prox-
imity (5.5 kpc, Blundell & Bowler 2004; Lockman et al.
2007) and a number of unique features, this object has
been intensively studied for decades, though many as-
pects remain mysterious (see Fabrika 2004, for a review).
A particularly striking feature is a pair of jets, which are
launched almost perpendicular to the line of sight and
show periodic precession and nodding motion (Abell &
Margon 1979; Fabian & Rees 1979). They are mildly
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relativistic (v = 0.26c, where c is the speed of light) and
have plenty of power (∼ 1039 erg s−1) (e.g., Marshall
et al. 2002; Brinkmann et al. 2005). The jets interact
with the surrounding nebula W50, believed to be a su-
pernova remnant (e.g., Dubner et al. 1998; Green 2004).
Recently, the HAWC collaboration has reported the
detection of & 25 TeV gamma rays from the jets of
SS433 (Abeysekara et al. 2018). The locations of the
gamma-ray emission are ∼ 30 pc away from the bi-
nary both in the eastern and western side and coincide
with nonthermal X-ray emitting regions (Watson et al.
1983; Yamauchi et al. 1994; Brinkmann et al. 1996; Safi-
Harb & O¨gelman 1997; Safi-Harb & Petre 1999). This
indicates that these regions are plausible sites for the
acceleration of high-energy particles. SS433/W50 has
also been detected with Fermi/Large Area Telescope
(Fermi/LAT) (Bordas et al. 2015, 2017; Xing et al. 2019;
Rasul et al. 2019; Sun et al. 2019), though the origin of
the high-energy (HE) gamma-ray emission (> 100 MeV)
remains unclear. Imaging atmospheric Cherenkov tele-
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Figure 1. Schematic illustration of our model for the jet, emission regions, and expected energy distributions of particles.
scopes have not yet detected this system either from the
jets nor from the binary in the very-high-energy (VHE)
regime (> 100 GeV) (Kar 2017; Ahnen et al. 2018).
Multi-wavelength emission from the jets of SS433 pro-
vides us with valuable opportunities to study the ac-
celeration of particles in astrophysical jets in great de-
tail. There are a number of theoretical studies on the
nonthermal emission in microquasars (e.g., Atoyan &
Aharonian 1999; Heinz & Sunyaev 2002; Romero et al.
2003; Bosch-Ramon et al. 2006; Gupta et al. 2006; Orel-
lana et al. 2007; Reynoso et al. 2008; Perucho & Bosch-
Ramon 2008; Romero & Vila 2008; Bordas et al. 2009;
Vila & Romero 2010; Zdziarski et al. 2014; Pepe et al.
2015; Molina & Bosch-Ramon 2018; Khangulyan et al.
2018; Zhang et al. 2018; Reynoso & Carulli 2019). The
detection of TeV gamma rays from SS433 provides new
important constraints on emission models. However,
there are only a few studies that utilize new observa-
tional data, and the results remain somewhat controver-
sial. Abeysekara et al. (2018) focused on the eastern re-
gion and concluded that the radio, X-ray and VHE data
can be well-fit with leptonic models. On the other hand,
Xing et al. (2019) studied the western region and argued
that leptonic models have difficulties in explaining the
radio and X-ray data simultaneously. Because both pa-
pers adopt simple models, where particles are continu-
ously injected throughout the source lifetime (∼20 kyr,
Zealey et al. 1980; Goodall et al. 2011a) and cooled only
via radiative loss, a new theoretical study with more de-
tailed physical consideration is needed to uncover the
origin of the emissions from the jets of SS433.
Here, we study the nonthermal emission from the
SS433 jets in the light of recent multi-wavelength ob-
servations. We aim to assess the validity of leptonic
models, to examine the efficiency of particle accelera-
tion and processes responsible for that, and to study
prospects for future observations. Going beyond prior
work noted above, we consider the spatial distribution
of emission along the jet and include adiabatic loss due
to the jet expansion.
In Fig. 1, we schematically show how an astrophysical
jet and the emission sites can be modeled. Galactic and
extragalactic jets often contain multiple compact emit-
ting regions (“knots”), which may appear distinct due
to various reasons. For example, an X-ray knot may cor-
respond to the region with a locally enhanced magnetic
field. In the case of SS433, the jets are launched to both
eastern and western sides, each of which contains mul-
tiple X-ray knots, and in Fig. 1 we only show one side
of the jet. Further description of Fig. 1 is presented in
Sec. 2.5. We mainly analyze the emission from the in-
nermost knots (“e1” and “w1”) to compare results with
Abeysekara et al. (2018) and Xing et al. (2019), but
also address the emission of different regions qualita-
tively. Also, we consider the case where the acceleration
site matches the onset of the innermost knot. We only
study leptonic emission, since hadronic emission is al-
ready disfavored as the dominant source of TeV gamma
rays from SS433 (Abeysekara et al. 2018). However, the
inferred electron acceleration efficiency can also have im-
plications for the production of high-energy protons.
In Sec. 2, we present a general model for the particle
evolution and emission in relativistic jets. In Sec. 3, we
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briefly review the observational properties of SS433. In
Sec. 4, we compare our model predictions with the multi-
wavelength data from the two X-ray knots. In Sec. 5,
we study the morphology of the emission regions. In
Sec. 6, we note limitations to our results. In Sec. 7, we
summarize our results and discuss further implications.
2. PHYSICAL CONDITIONS IN RELATIVISTIC
JET
2.1. Energetics
Let us consider a relativistic jet of total power Ljet.
The jet radius depends on the coordinate on the jet axis,
denoted as z: R = R(z). The jet energy flux is
Ljet = piR
2(z)wΓ2vz, (1)
where w is the plasma enthalpy per unit volume, vz is
the jet velocity, and Γ =
[
1− (vz/c)2
]−1/2
is the bulk
Lorentz factor. The enthalpy is carried by protons, lep-
tons and magnetic fields. We assume that the jet power
is distributed by dimensionless fractions ξp, ξe, and ξB
for each component, such that ξp + ξe + ξB = 1. The
proton contribution determines the mass flux:
M˙jet = piR
2(z)npmpΓvz. (2)
The magnetic field is necessary for the acceleration of
particles and the production of synchrotron radiation.
Its energy is carried as the Poynting flux:
LB =
vzΓ
2R2(z)B2(z)
4
, (3)
where B is the strength of the magnetic field in the
plasma comoving frame, and we assume that it is per-
pendicular to the jet velocity in the above expression for
simplicity. From this, we can express B as
B(z) =
2
ΓR(z)
√
ξBLjet
vz
. (4)
2.2. Particle Acceleration
The process responsible for the acceleration of non-
thermal particles in the microquasar jet is not certain.
We characterize it by an efficiency ηacc(>1). The time
required for a particle to gain energy E is
τacc = ηacc
rL
c
, (5)
where rL = E/(eB) is the relativistic gyroradius and e
is the elementary charge.
The confinement of particles in the acceleration region
implies the following condition:
R(z) >
√
6τaccD, (6)
where D is the particle diffusion coefficient and we as-
sume a three dimensional case. This is similar to the
Hillas criterion (rL<R, Hillas 1984). We introduce a
parameter ηg(>1), known as gyro-factor, and charac-
terize the spatial diffusion as D = ηgDBohm, where
DBohm = crL/3 is the Bohm diffusion coefficient. Com-
bining above equations, we obtain
R(z)B(z) >
E
e
√
2ηaccηg, (7)
which constrains the maximum energy of particles that
can be confined in the jet during the acceleration pro-
cess:
E < Econmax =
e
Γ
√
2ξBLjet
vzηaccηg
. (8)
The confinement condition is not the only constraint, as
the particle acceleration is also limited by energy losses.
In this work we consider emission from electrons. Thus,
in the highest-energy regime, the synchrotron cooling
may provide the dominant loss mechanism. The syn-
chrotron cooling time is
τsyn =
3(mec
2)2
4cσTE
(
B2
8pi
)−1
, (9)
where σT is the Thomson cross section and me is the
electron mass. The acceleration is possible while it pro-
ceeds on a shorter timescale than cooling, τacc < τsyn,
which sets the maximum energy of particles:
E < Esynmax = mec
2
√
6pie
σT ηaccB
. (10)
The magnetic field used above should be evaluated in
the acceleration site, which can in principle differ from
that in the emission region (see Fig 1).
2.3. Particle Cooling
Accelerated particles are subject to energy losses due
to adiabatic and radiative cooling. The adiabatic loss
rate due to the expansion of the jet is
γ˙ad =
γ
3
d ln ρ
dτ
= −2
3
Γvz
R(z)
∂R
∂z
γ, (11)
where ρ is number density of matter in the jet, and we
assume that the jet speed vz is constant (thus ρR
2 is
also constant).
The radiative losses for high-energy electrons are dom-
inated by the synchrotron emission and inverse Compton
(IC) scattering. The synchrotron loss rate is
γ˙syn = −4cσT γ
2
3mec2
(
B2eff
8pi
)
, (12)
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where the magnetic field Beff corresponds to the av-
eraged effective field strength. If the magnetic field
strength is constant, B, and the pitch angles between
the particle velocity and the magnetic field are random,
we should use B2eff = 2B
2/3. In more general cases,
the field strength may have spatial variation within the
emission region probably due to magnetic turbulence
(e.g., Bykov et al. 2012; Kelner et al. 2013; Derishev &
Aharonian 2019). Then, the magnetic field distribution
function is needed to obtain Beff .
To describe the IC losses we need to consider the
contributions from all relevant photon fields. A pre-
cise treatment requires integration over photon energy
and angular distribution, which can be complex. Fortu-
nately, the photon energy distribution is often described
by a black-body like spectrum, where the photon field
is defined by its temperature T and energy density urad
or, equivalently, by the dilution coefficient:
κ =
15~3c3urad
pi2k4BT
4
, (13)
where kB is the Boltzmann constant and ~ = h/(2pi)
is the Dirac constant. If the jet bulk Lorentz factor is
small and the target photon is black-body like, the sim-
ple approximate description obtained by Khangulyan
et al. (2014) is applicable for the energy losses including
Klein-Nishina effect:
γ˙ic = −3σT k
2
BT
2mec
2κ
4pi2~3c
G
(0)
iso
(
4γ
kBT
mec2
)
giso
(
4γ
kBT
mec2
)
,
(14)
where the function G
(0)
iso (u) and giso(u) are given in their
Eq. (38) and (20) respectively. In more general cases,
when the bulk Lorentz factor is large or the photon di-
rection deviates from isotropic, we need to perform in-
tegration over the photon angular distribution.
2.4. Particle Evolution
The distribution of nonthermal particles in the jet can
be described with the energy-spatial density, n, as dN =
ndγdz, where dN is the number of particles. The density
is described by the relativistic transport equation (see
Webb 1989; Vaidya et al. 2018, for detail):
Γ
(
∂
∂t
+ vz
∂
∂z
)
n(γ, t, z) +
∂
∂γ
[γ˙cool(γ, t, z)n(γ, t, z)]
= q˙inj(γ, t, z),
(15)
where q˙injdz is the rate of particle injection in the jet
segment (z, z + dz). We assume that nonthermal par-
ticles are accelerated at a specific coordinate z = zacc:
q˙inj(γ, t, z) = q˙0(γ, t)δD(z − zacc) (16)
where δD is the Dirac function. For simplicity, we con-
sider the case where the cooling rate γ˙cool depends only
on γ. Then, the solution of the transport equation is
obtained analytically:
n(γ, z, t) =
γ˙cool(γ˜)
Γvz γ˙cool(γ)
q˙0(γ˜, t˜)H(z − zacc), (17)
where t˜ = t− (z − zacc)/vz, H is the Heaviside function
and γ˜ is an energy parameter determined by
z − zacc = Γvz
∫ γ˜
γ
dγˆ
−γ˙cool(γˆ) . (18)
To calculate the total emission from a specific region
along the jet, we integrate the particle distribution over
the emitting region (zs<z<zf ):
dN
dγ
=
∫ zf
zs
dz n(γ, z, t). (19)
Assuming a steady injection (∂q˙0/∂t = 0), we obtain
dN
dγ
=
1
Γvz γ˙cool(γ)
∫ zf
zs
dzγ˙cool(γ˜)q˙0(γ˜), (20)
where γ˜ is determined by zacc, z, and γ via Eq. (18).
Since we focus on compact knots much smaller than the
jet length, (zf − zs)  zf , we assume that the change
in radius is also small, R(zf ) − R(zs)  R(zf ), and
evaluate γ˙ad and B(z) at zI = (zs + zf )/2 to omit the z
dependence. Also, we assume that the onset of emission
region matches the acceleration site, i.e., zacc = zs.
We assume that particles are accelerated to a power-
law energy distribution above γ > γmin with an expo-
nential cutoff:
q˙0(γ) ∝ γ−pinj exp (−γ/γmax)H(γ − γmin), (21)
where γmax is defined from either Eq.(8) or (10).
The power carried by relativistic electrons, ξeLjet, de-
fines the normalization for the energy distribution:∫ γmax
γmin
q˙0(γ)γdγ =
ξeLjet
mec2Γ2
. (22)
The value of γmin is theoretically related to the energy
scale where thermal particles are injected into the ac-
celeration processes. This is extensively studied but
still contains large uncertainties (Amano & Hoshino
2012). We assume a minimum electron energy of 1 GeV.
Smaller values of γmin would increase the total electron
energy required in the spectral fitting but do not alter
the shape in the energy range of interest.
Once the electron distribution is determined, we cal-
culate the spectral energy distribution from synchrotron
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and IC radiation in jet frame, taking into account Klein-
Nishina effect (e.g., Blumenthal & Gould 1970; Aharo-
nian et al. 2010; Khangulyan et al. 2014). In more gen-
eral cases when the bulk Lorentz factor is large, we need
to apply relativistic transformations to obtain the spec-
tral energy distribution in the observer frame.
2.5. Qualitative Description of the Particle Spectrum
If the particle cooling time is shorter than the ad-
vection time, τadv = (zf − zs)/(Γvz), the particle spec-
trum is described by the standard formula (fast cooling
regime):
dN
dγ
' 1
γ˙(γ)
∫ ∞
γ
dγ˜q˙(γ˜). (23)
For a power-law injection with pinj ' 2, this expres-
sion reduces to dN/dγ ' q˙(γ)τcool. In this regime, the
electron energy distribution has a break, at which the
particle power-law index is changed by 1, caused by the
transition from the synchrotron/Thomson to adiabatic
cooling (or un-cooled). This is qualitatively shown in
Fig. 1 labeled as “IC emitting particles.”
If we consider emission from compact knots, the ad-
vection time may be shorter than the cooling time (slow
cooling regime). The particle spectrum is described by
dN
dγ
' q˙(γ)τadv, (24)
which has a shape similar to the injection spectrum.
This is qualitatively shown in Fig. 1 labeled as “knot
1.” In knots further away from the acceleration site, the
particle number per unit energy per unit volume remains
unchanged at lower energies. However, the cutoff energy
in the spectrum may be reduced due to the cooling; this
can be directly seen from Eq. (18). This is qualitatively
shown in Fig. 1 labeled as “knot 2.”
2.6. Knot Size
Observations in radio, optical, or X-ray often reveal
knots in Galactic and extragalactic jets. In general, their
size may be determined by either of the following factors:
(i) nonthermal cooling; (ii) size of the jet region with an
enhanced magnetic field; (iii) size of the region where
the acceleration takes place or time elapsed since the
onset of the acceleration process.
If the knot size is determined by the particle cooling,
the energy requirements for the acceleration process are
minimal and the spectral slopes are typical ones for the
fast cooling regime. If the particle acceleration occurs
at a specific location in the jet, advective particle trans-
port determines the knot size, s, as s ' Γvzτcool(E). If
synchrotron losses are dominant, the cooling time de-
pends on the particle energy, τcool ∝ 1/E. The syn-
chrotron emission frequency ω and particle energy relate
as E ∝√ω/B, and thus the knot size should depend on
the photon frequency as s ∝ 1/√ω. If adiabatic losses
dominate the particle cooling, the knot size does not
depend on the particle energy. Adiabatic cooling gener-
ally does not produce compact knots, except for specific
hydrodynamic structures of the jet. For example, for a
constant velocity jet and conical or parabolic shape, it
operates on a scale comparable to the jet length.
The synchrotron emissivity is sensitive to the mag-
netic field strength. If some portion of the jet has an
enhanced magnetic field, it may appear as a compact,
bright spot. This may result in different morphology for
the synchrotron and IC emission (see Fig. 1).
The acceleration does not necessarily proceed at a spe-
cific point in the laboratory frame, and may be associ-
ated with a fluid element. In this case, the knot size
depends on the size of the acceleration site and the typ-
ical diffusion length, λD. Because λD ∝
√
τ , the size of
the knot should have a weaker dependence on the pho-
ton frequency as compared to the synchrotron cooling
scenario.
There can also be a possibility that the acceleration
has started recently and the knot size is limited by the
advection distance since the moment of onset of the ac-
celeration. This would produce a gradual increase in the
knot size with time. However, this may be difficult to
observe on a reasonable timescale.
3. APPLICATION TO SS433
3.1. Properties of SS433 Jets
Observations of the jets of SS433 provide necessary
parameters for the formalism presented in Sec. 2. We
adopt a distance of d = 5.5 kpc, which is obtained
from deep radio imaging (Blundell & Bowler 2004).
Long-term observations and kinematic modelings of the
Doppler-shifted emission lines place tight constraints on
the jet precession model. They yield a jet speed of
vz = 0.26c (Margon & Anderson 1989; Eikenberry et al.
2001), or equivalently, Γ = 1.04. Because this is only
mildly-relativistic, we do not take relativistic effects into
account. Models of the jet emission indicate that the
mass-loss rate at the jet base is M˙jet & 10−7M yr−1,
which leads to the estimates for the kinetic energy with-
out rest mass energy, (Γ− 1)M˙jetc2, which typically fall
within ∼ (0.2 − 5) × 1039 erg s−1. (e.g., Kotani et al.
1996; Brinkmann & Kawai 2000; Marshall et al. 2002;
Brinkmann et al. 2005; Medvedev & Fabrika 2010; Wais-
berg et al. 2019). Because estimates for the total jet
power Ljet have uncertainties, instead of using ξe and ξB ,
we will leave Le(= ξeLjet) and LB(= ξBLjet) as free pa-
rameters. We adopt the jet kinetic energy of 1039 erg s−1
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at the jet base, and assume that part of this is dissipated
to Le and LB , i.e., we keep Le + LB < 10
39 erg s−1.
We assume a conical jet, and parametrize the radius
with the opening angle αj as R(z) = zαj . We adopt
a radius of R(zI) = 6 pc, comparable to the size of X-
ray emission (Safi-Harb & O¨gelman 1997). With this
parameterization, Eq. (11) reduces to
−γ˙ad = 2
3
Γvz
z
γ. (25)
The photon field is also a necessary ingredient as a
target for the IC scattering. We adopt a Galactic ra-
diation field composed of the cosmic microwave back-
ground (T, urad)=(2.7 K, 0.26 eV cm
−3), far-infrared
(30 K, 0.6 eV cm−3), optical/near-infrared (5000 K,
0.6 eV cm−3) and ultraviolet (20000 K, 0.6 eV cm−3)
photons (Porter et al. 2017; Popescu et al. 2017).
The accretion disk in SS433 has a high bolometric
luminosity of Lbol ' 1040 erg s−1 and temperature of
T ' 105 K (e.g., Antokhina & Cherepashchuk 1987;
Begelman et al. 2006). At the knot regions, the en-
ergy density of this disk emission is urad ∼ 2 eV cm−3.
However, due to Klein-Nishina effect, the contribution
of this component to the IC spectrum is suppressed
above Eγ & 10 GeV. Furthermore, even in the Thom-
son regime, the emissivity of IC emission scales as
LIC ∝ uradT (αe−3)/2, where αe is the spectral index
for the electron distribution (Blumenthal & Gould 1970;
Aharonian et al. 1997). As we focus on the knot emis-
sion, where electrons are in slow-cooling regime and
have a hard spectrum, the contribution of the disk pho-
tons is subdominant compared to the cosmic microwave
background. Thus in what follows we do not consider
this component. We have verified that this emission
contributes negligibly to the detected GeV emission
unless we adopt unrealistically high energy density of
urad ∼ 100 eV cm−3.
3.2. Multi-wavelength Observations Toward X-ray
Knots
The jets from SS433 have been intensively studied
with multi-wavelength observations. Based on ROSAT
and ASCA X-ray data, Safi-Harb & O¨gelman (1997) de-
fined distinct circular regions to east (e1, e2, e3) and
west (w1, w2) from the binary. Combining RXTE data,
the emission from e1 is fit with a single power law of
Γph = 1.43 ± 0.1 (Safi-Harb & Petre 1999), while e2
is a broken power-law spectrum of Γph,1 = 1.6
+0.2
−0.3 and
Γph,2 = 2.6
+0.6
−0.3 with a break at Eb = 3.0
+0.6
−0.5 keV (Safi-
Harb & O¨gelman 1997). The eastern jet is also observed
with XMM-Newton by Brinkmann et al. (2007). They
found Γph = 2.17 ± 0.02 for the brightest region in the
eastern jet and Γph = 1.85 ± 0.06 for a region closer to
the binary. These regions are not identical to e2 and e1,
though they overlap. It should be noted that the de-
rived Galactic column density in Safi-Harb & O¨gelman
(1997) is NH = 1.2
+0.8
−0.5 × 1021 cm−2 for e2, while it is
NH = 5.6
+0.1
−0.1 × 1021 cm−2 in Brinkmann et al. (2007).
This may cause differences in the derived photon index.
In the VHE regime, the H.E.S.S., MAGIC, and VERI-
TAS collaborations placed upper limits on the flux from
knots (e1, e2, w1, w2) and termination region (e3) (Kar
2017; Ahnen et al. 2018) following the definitions in Safi-
Harb & O¨gelman (1997). The HAWC collaboration re-
ported the detection of VHE photons (& 25 TeV) from
regions that coincide with X-ray knots. The eastern
emission is seemingly radiated from a region spanning
over e1 and e2, and the western component is likely cen-
tered at w1, though both are not yet well localized.
In the radio band, fluxes from the knot regions are
uncertain. The termination region (e3) is prominent in
radio images and well-correlated with X-ray intensity
maps. However, the knots, e1, e2, and w1, are not re-
solved in the 2.7 GHz map by the Effelsberg telescope
(Geldzahler et al. 1980) nor in the recent 150 MHz map
by LOFAR (Broderick et al. 2018). This suggests that
the contribution from X-ray knots to the observed ra-
dio intensity may be sub-dominant, and the radio fluxes
should be treated as upper limits. Radio spectral index
measurements would provide useful constraints on the
spectral shape of nonthermal electrons. Downes et al.
(1986) produced a radio spectral index map utilizing 1.7,
2.7 and 4.75 GHz data. However, the X-ray knots are
not well localized also in this map.
In contrast to other wavelengths, recent results in the
HE regime are controversial. Bordas et al. (2015) sug-
gests that emission from nonthermal protons accelerated
in the jet termination shock best explains the emission
detected with Fermi/LAT. The analysis by Xing et al.
(2019) suggests a one-sided jet morphology toward the
w1 region. While these papers indicate no signature of
time variation, Rasul et al. (2019) reports ∼ 3σ evi-
dence for temporal modulation of the gamma-ray emis-
sion with the precession period of the jet, which would
indicate core origin (see also Molina & Bosch-Ramon
2018). Sun et al. (2019) suggests that the morphology
of the GeV emission is consistent with originating from
the radio nebula W50. The spectrum and morphology
are somewhat different from each other. Thus, it is dif-
ficult at this point to clearly define the HE gamma-ray
flux from the X-ray knots.
Further observations are needed to quantify the multi-
wavelength properties of the X-ray knots better. Here,
we constrain our model parameters by using the same
High-Energy Particles in the SS433 Jets 7
dataset for radio, X-ray and VHE emission as in Abey-
sekara et al. (2018) and Xing et al. (2019), aiming at
comparing model predictions with them. We also com-
pare our model spectra with the GeV data from Bordas
et al. (2017); Xing et al. (2019); Rasul et al. (2019); Sun
et al. (2019), which are not used in the model fitting.
We adopt the definition of e1 as a circular region of
radius 3.5′ centered at 24′ east from SS433, and w1 a
circle of radius 3.75′ centered at 19′ west. These trans-
late into parameter (zs,zf ) as (32 pc, 44 pc) for e1 and
(24 pc, 36 pc) for w1 in Eq. (19). We note that the
XMM-Newton data used in Abeysekara et al. (2018) are
taken from a slightly larger region (a circle of 6′ radius
centered at e1), which we do not take into account here.
As we consider the emission from a region that spans
approximately 10 pc across, we do not expect any in-
fluence from the orbital or precession phase, which may
appear only on a significantly smaller scales.
4. NONTHERMAL LEPTONIC EMISSION FROM
KNOTS IN SS433 JETS
In Fig. 2, we show the spectral energy distribution for
the e1 and w1 region. Our leptonic models explain the
radio, X-ray and VHE data. For the GeV data, our pre-
dictions in the HE regime are far below the data for both
regions. This indicates that it is difficult to explain the
GeV data simultaneously with other wavelength data
in the framework of our leptonic models from knot re-
gions. Thus, most GeV photons should be produced in
different regions or by different mechanisms.
In Table 1, we list the required parameters for the
fit. The slope pinj is determined from the radio and X-
ray data, while LB and Le are derived by combining
them with the HAWC data. The derived magnetic field
strengths are 16 µG and 9 µG for e1 and w1, respec-
tively.
The mechanism responsible for the maximum energy
cannot be determined from this fit. We temporarily fo-
cus on the case where it is limited by synchrotron losses
(Eq. 10). Then, the magnetic field and acceleration ef-
ficiency, ηacc, define the maximum electron energy:
Esyne,max = 1.5 PeV
(ηacc
102
)−1/2( B
16 µG
)−1/2
. (26)
In our model, the hard X-ray data require ηacc . 102
for both regions. Although our model does not spec-
ify the acceleration processes, it would be helpful to
interpret ηacc in the framework of two representative
scenarios. First, we consider diffusive shock accelera-
tion. In this mechanism, particles gain energy as they
cycle upstream and downstream across the shock front.
1 0
6
1 0
4
1 0
2
1 0
0
1 0
2
1 0
4
1 0
6
1 0
8
1 0
1 0
1 0
1 2
1 0
1 4
10 14
10 13
10 12
10 11
E2
 [e
rg
 c
m
2  s
1 ]
e1
acc=10
        102
        103
        104
10 6 10 4 10 2 100 102 104 106 108 1010 1012 1014
E  [eV]
10 14
10 13
10 12
10 11
E2
 [e
rg
 c
m
2  s
1 ]
w1 CTA LHAASO
e-ASTROGAM
GRAMS
Figure 2. Broad-band spectral energy distribution of the
e1 (top) and w1 (bottom) region. Orange curves are model
predictions for different choices of ηacc, as labelled. Black
and gray points are observational data and upper limits, re-
spectively, from Geldzahler et al. (1980) (radio), Brinkmann
et al. (2007); Safi-Harb & O¨gelman (1997); Safi-Harb & Petre
(1999) (X-ray), Bordas et al. (2017); Xing et al. (2019); Ra-
sul et al. (2019); Sun et al. (2019) (HE), Ahnen et al. (2018);
Kar (2017); Abeysekara et al. (2018) (VHE). Expected sen-
sitivities are also shown for CTA (North, 50 h; Acharya et al.
2019), LHAASO (1 yr; Bai et al. 2019), e-ASTROGAM (3
yr; De Angelis et al. 2017) and GRAMS (3 yr; Aramaki et al.
2020).
The acceleration timescale in a parallel shock is given by
τDSAacc ' 10D/v2sh (e.g., Bell 2013). This translates into
the efficiency in Eq. (5) as
ηDSAacc '
10ηg
3(vsh/c)2
' 102
(ηg
2
)( vsh
0.26c
)−2
. (27)
Table 1. Model parameters
Region pinj Le [10
39 erg s−1] LB [1039 erg s−1]
e1 2.25 0.02 0.18
w1 2.55 0.08 0.06
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Thus, our results suggest that the diffusion coefficient
may satisfy ηg . 2, indicating strong particle confine-
ment close to the Bohm limit. Such a high particle ac-
celeration efficiency is known to be achieved in young
supernova remnants (e.g., Stage et al. 2006; Uchiyama
et al. 2007; Tsuji et al. 2019), while it is thought to
be much more inefficient in extragalactic black hole jets
(e.g., Araudo et al. 2015; Inoue & Tanaka 2016; Tanada
et al. 2019) possibly due to the inefficiency of the dif-
fusive shock acceleration mechanism in the relativistic
regime (Bell et al. 2018).
Second, we consider the stochastic acceleration. In
this mechanism, particles gain energy as they are reso-
nantly scattered by magnetohydrodynamic turbulence
(e.g., Dermer & Menon 2009). Assuming that the
smallest turbulence wavenumber is equal to R−1, the
timescale for acceleration is given by
τSacc '
1
κB
(vA
c
)−2 (rL
R
)2−q
τdyn, (28)
where κB is the ratio of the strength of turbulent field
compared to the background field, τdyn = R/c is the
dynamical timescale and q describes the spectrum of
the turbulence. This expression is derived under quasi-
linear approximation (κB  1), but has a wider appli-
cability (O’Sullivan et al. 2009). The Alfven velocity
vA = B/
√
4pimpnp can be expressed in the form of
vA
c
=
√
LB
ΓM˙c2
(29)
Combining the above equations and assuming the
Kolmogorov-type spectrum (q = 5/3), we have
ηSacc '
103
κB
(
M˙
10−7M yr−1
)(
LB
1038 erg s−1
)−1
. (30)
for R = 6 pc and E = 1 PeV. Thus, the stochastic accel-
eration is likely insufficient to reach the high efficiency
of ηacc < 10
2, though it is not firmly ruled out due to
simplifications in this estimate.
So far we have focused on the case where electron
energy is limited by the synchrotron loss. If escape is
efficient, the confinement limit should be dominant for
electrons when Econe,max < E
syn
e,max, or,
ηg > 20
(
R
6 pc
)2(
B
16 µG
)3
. (31)
In this case, our results constrain the product ηaccηg to
ηaccηg . 103. Combining this with Eq. (31), we obtain
ηacc . 102.
The acceleration of leptons may imply the presence of
nonthermal protons because they have a larger Larmor
radius and are more easily injected into the acceleration
processes. Synchrotron losses are inefficient for protons,
and the maximum energy is limited by confinement:
Econp,max = 5 PeV
(ηaccηg
102
)−1/2( LB
1038 erg s−1
)1/2
. (32)
If we assume that the same acceleration process is at
work both for electrons and protons, we can apply the
same value of ηacc. Then, the constraint ηacc . 102 for-
mally suggests that SS433 can accelerate protons beyond
a PeV, if the Bohm factor ηg is sufficiently small.
As noted in Sec. 3.2, the radio flux may be dominated
by other components. If we treat the radio data as upper
limits, the parameter pinj can become as small as 1.9.
The spectral turnover and cutoff predicted in our model
and constraints on ηacc remain unchanged because they
are derived from the hard X-ray data and determined by
the timescales of synchrotron cooling τsyn and transport
τadv.
4.1. Comparison with Previous Studies
We now compare our results with other recent stud-
ies. Our model spectra are significantly different from
results by Abeysekara et al. (2018) (e1) and Xing et al.
(2019) (w1). They require a hard spectrum of pinj = 1.9
for electrons, while we derive pinj = 2.25 and 2.55 for e1
and w1, respectively. The main differences are twofold.
First, they calculate the evolution of particles assum-
ing continuous injection throughout the source lifetime,
for which they adopted tlifetime '30 kyr. Thus, their
spectra show cooling breaks in the electron spectra at
Ee = 2 (B/16 µG)
−2(tlifetime/30 kyr)−1 TeV, and re-
quire a hard pinj. In contrast, we integrate the particle
spectrum from zs and zf (Eq. 19), and the effective
lifetime is set by τadv ' (zf − zs)/vz '150 yr. Sec-
ond, while they only include radiative losses, we also
consider adiabatic loss. In Fig. 3, we compare energy
loss timescales for different processes. Adiabatic losses
dominate below 100 TeV, significantly limiting the total
electron energy. Note that we employ a simple case of a
conical jet to evaluate the adiabatic loss. The jets may
be collimated by surrounding material and keep nearly
cylindrical (∂R/∂z = 0), experiencing no adiabatic loss.
In our calculation, since the effect of particle transport
is dominant over that of adiabatic cooling (τadv < τad),
the results remain unchanged for different modeling of
jet expansion, as long as we focus on the emission from
the synchrotron knots.
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Figure 3. Cooling timescales (τ = γ/|γ˙|) for different
processes for the e1 region, as marked. For comparison,
timescales of confinement and acceleration are also shown.
4.2. Prospects for Future Observations
We examine expectations for future observations. The
hard X-ray (10–100 keV) observations will be most crit-
ical. NuSTAR can provide a better determination of
the spectrum from both regions in this regime. In the
MeV–GeV band, planned telescopes such as GRAMS
(Aramaki et al. 2020), e-ASTROGAM (De Angelis et al.
2017), and AMEGO (McEnery et al. 2019) will be able
to study the highest energy synchrotron photons, though
the localization of emitting region would be difficult for
their expected angular resolutions. Our models predict
that these observations would detect spectral turnover
and cutoff (Fig. 2), placing strong constraints on phys-
ical properties and acceleration processes. In the VHE
regime, our results indicate that CTA and LHAASO ob-
servations might be able to detect gamma rays from both
regions (Acharya et al. 2019; Bai et al. 2019).
5. MORPHOLOGY OF EMISSION REGIONS
The location of emission sites is an important ingre-
dient in our model. In this section, we examine expla-
nations for the size of X-ray knots and briefly discuss
uncertainties due to different morphology of the X-ray
and IC emission.
5.1. X-ray Knot Size in SS433 Jets
The X-ray images in the ∼ 1–10 keV range show
a clear feature of knots with a size comparable to
the e1 region, sX ' 5–10 pc (Safi-Harb & O¨gelman
1997). The typical energy of electrons responsible for
the X-ray emission at 1 keV is 30 (B/15µG)−1/2 TeV,
and the synchrotron cooling time for these electrons is
1.5 (B/15µG)−3/2 kyr. The advection length during
that is
sXsyn = 120
(
B
15µG
)−3/2 ( vz
0.26c
)
pc . (33)
Thus, with our standard value of vz = 0.26c, the X-
ray knot size cannot be explained by the synchrotron
cooling. Below, we will examine several possible physical
processes that may determine the X-ray knot size.
Synchrotron Cooling: Unlikely. The knot length
may be explained by the synchrotron cooling if we adopt
a velocity smaller than 0.26c, but the spectrum places
tight constraints; the emitting particles should be in
the fast-cooling regime, where photon spectrum would
be Γph = 2 (for an E
−2
e injection). This contradicts
with the hard X-ray spectrum of Γph ' 1.5. Thus, syn-
chrotron cooling cannot be responsible for determining
the X-ray knot size, unless the electrons are injected
with an extremely hard spectrum of ' E−1e .
Adiabatic Cooling: Possible for a non-conical
jet. If the jet is conical, the adiabatic cooling operates
on a scale of the jet length, and the knot size would be
sad ' 3z/2 ' 60 pc, much larger than observed. How-
ever, it may experience local expansion or compression
due to the pressure from the surrounding material, pro-
ducing standing coherent waves (called the Mach disk)
or more complicated hydrodynamical structures. If the
jet has a structure that enhances the adiabatic cooling
rate locally, the X-ray knot size could be explained.
Enhanced Magnetic Field: Possible. The mag-
netic field in the jets may not be distributed uniformly,
but have local amplifications probably due to the local
compression of the jet or plasma instabilities. The size
of the X-ray knot may correspond to the region with an
enhanced magnetic field, probably due to turbulence.
Very recent acceleration: Unlikely. There is a
theoretical possibility that acceleration has started very
recently, ∆t years ago, and advection determines the size
of knots. We cannot rule out the possibility that ∆t is
close to τadv, but this requires a coincidence. There
could also be a possibility that the acceleration takes
place in an extended region, rather than at a specific
location in the jet, and ∆t  τadv. However, if this
is the case, the injection power required to produce the
observed X-ray luminosity would be much larger than in
other scenarios. The dissipation of such a large amount
of power would have to produce much brighter thermal
bremsstrahlung emission from the heated plasma, which
is not observed. Thus, this scenario is unlikely.
Future X-ray observations with high angular resolu-
tion would be important to distinguish these scenarios.
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If the knot size is defined by the adiabatic cooling, we
should see no dependence on the photon energies. If the
knot size corresponds to the size of the region where the
magnetic field is enhanced due to turbulence, we expect
patchy bright emission inside the emitting region due to
the inhomogeneity of magnetic field strength.
5.2. IC Emitter Size in SS433 Jets
The size of gamma-ray emitting regions, sVHE, is
not yet clear. The gamma rays with an energy of
25 TeV are predominately generated on the cosmic mi-
crowave background, and the emitting electrons have
an energy of 100 TeV. The synchrotron cooling time is
0.5 (B/15µG)−3/2 kyr, during which these electrons are
advected to a distance of
sVHEsyn = 40
(
B
15µG
)−3/2 ( vz
0.26c
)
pc . (34)
Adiabatic losses may produce a comparable advection
distance for a conical jet, or smaller distance if they are
locally enhanced. In any case, the IC emitter is likely
larger than X-ray knots.
The difference between sVHE and sX can induce un-
certainties in our calculation. In particular, though we
have used the observed VHE flux to derive physical pa-
rameter for the e1 and w1 regions, the real TeV flux
from these two knots are likely smaller, provided that
sVHE > sX. This should primarily affect the estimate
on B. Because the dominant target for IC scattering
is provided by the diffuse background, synchrotron and
IC luminosities relate as Lsyn/Lic ∝ B2, and thus the
magnetic field strength may be larger approximately by
a factor of
√
sVHE/sX when we take the size of emitting
regions into account. Future CTA observations would
better constrain the size of the IC emitter with its un-
paralleled angular resolution.
6. LIMITATIONS
In this section, we examine limitations of our model
and their impact on our results.
6.1. Acceleration Site
We have focused on the case where zacc = zs, but
in principle they could be different. If zacc  zs, we
should take into account the particle cooling between
zacc and zs. In such a situation, the magnetic field at
the acceleration site, Bacc, can also be different from
the field at the emission region, Bemit, which is derived
by the spectral fitting. This difference would change
our upper limits on ηacc by a factor of Bemit/Bacc (see
Eq. 10). In particular, Bacc could be smaller than Bemit
otherwise we should see brighter synchrotron emission
from the acceleration site. If this is the case, future
observations should reveal fainter synchrotron emission
from the acceleration site, placing better constraints on
the magnetic field there. The difference between Bacc
and Bemit might be the reason why shocks are not yet
resolved (Abeysekara et al. 2018).
6.2. Velocity in Knot Region
In our calculation, we have used vz = 0.26c, which is
determined at the jet base (Margon & Anderson 1989;
Eikenberry et al. 2001). The bulk velocity in the knot
region is less certain from observations, but possibly be
smaller than 0.26c because knots are located at large dis-
tances from the core (Goodall et al. 2011a,b; Monceau-
Baroux et al. 2014, 2015; Panferov 2014, 2017; Bowler
& Keppens 2018). The primarily effect of adopting a
smaller bulk velocity would be flattening of the spec-
trum, because the transition from advection-dominated
regime to fast cooling regime would occur at lower en-
ergy. This would produce a flat (Γph ' 2) X-ray spec-
trum before a cutoff. In addition, the estimate on the
size of the emitting regions would be proportionally
changed for a different jet velocity. In other words, a
better determination of both the spectrum and mor-
phology in X-ray bands would be critical to constrain
the bulk velocity in the knot region.
7. CONCLUSIONS
Multiwavelength observations of the microquasar
SS433 offer the potential for detailed studies on par-
ticle acceleration in astrophysical jets. In this paper,
we first present a theoretical foundation to interpret
nonthermal emission from astrophysical jets quantita-
tively. We then consider leptonic emission from the
X-ray knots in SS433’s jets. We use the same datasets
as in Abeysekara et al. (2018) and Xing et al. (2019),
but treat the particle transport and evolution in the
jet in more detail, and produce substantially different
predictions.
Our analysis produced three main results. First, lep-
tonic models can explain the radio, X-ray and VHE
gamma-ray data for both the e1 and w1 regions. How-
ever, the GeV data remain unexplained for any reason-
able parameter set, which indicates that they are mostly
from different regions or mechanisms. Second, the ef-
ficiency of particle acceleration should be very high,
ηacc . 102, to explain the X-ray and TeV gamma-ray
data. This could be realized by the diffusive shock ac-
celeration, for a strong confinement case close to the
Bohm limit, ηg ∼ 1. Such high efficiency of particle ac-
celeration may imply that SS433 jets can also accelerate
protons beyond a PeV. Third, future X-ray/MeV obser-
vations would be most critical to constrain models and
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better understand the acceleration processes. In partic-
ular, our models predict a spectral turnover and cutoff
in this energy band.
We note that our models have broader implications
that can be studied by future observations.
• We have focused on the emission from e1 and w1
throughout this work. Our model can also predict
emission from different regions by changing the
parameter zs and zf in Eq. (19), provided that
there is no effect of re-acceleration. As sketched
in Fig. 1 and explained in Sec. 2.5 , in regions far-
ther away from the binary, the synchrotron emis-
sion has spectral break steeper than expected from
the cooling break. Interestingly, a hint of such a
steep break is seen from observations of e2 and w2
regions (Safi-Harb & O¨gelman 1997). A better de-
termination of the X-ray spectrum in these regions
is the key to test this prediction.
• We have focused on leptonic emission throughout
this work. If protons are also accelerated in the
jets, they may interact with the ambient medium
to produce pionic gamma rays. Since the cooling
time for protons, τpp, is long, we may see emis-
sion from protons accumulated during the lifetime
of SS433’s jets, which should extend over much a
larger region than X-ray knots. The jet kinetic
power ∼ 1039 erg s−1 and system age ∼ 20 kyr
suggest that the jet has released the total energy
of Ejet ∼ 1051 erg. Assuming that 10% of this goes
to nonthermal protons between 1 GeV and 1 PeV,
and for an E−2p injection spectrum, the proton
energy would be 0.1Ejet/ln(10
6), yielding a TeV
gamma-ray luminosity of ∼ 0.1Ejet/(3τpp ln(106)).
Thus, we could expect TeV gamma-ray flux of
Fγ ∼ 10−13(ngas/0.2 cm−3) erg s−1 cm−2. (35)
This could suggest that the hadronic gamma
rays from the W50/SS433 system could also be
detected at CTA and LHAASO. Furthermore,
they may contribute to the VHE flux detected by
HAWC, though it requires strong confinement of
protons close to the emitting regions.
The first detection of SS433 in the VHE regime has in-
creased excitement in gamma-ray astronomy, by adding
microquasars to a growing class of TeV sources. Our
work highlights their importance as Galactic particle
accelerators. Future observations with X-ray and VHE
gamma rays of SS433 and other microquasars should
shed new light into our understanding of the high-energy
sky.
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